The possible co-localization of choline acetyl transferase (ChAT) and vasoactive intestinal polypeptide (VIP) in the nerve fibers of cat cerebral arteries was ex amined by a sequential double-labeling immunohisto chemical method. Diaminobenzidine and tetramethylben zidine were used as chromogens to distinguish ChAT (protein) and VIP (peptide) immunoreactivities. Since available fixatives often did not provide simultaneous preservation of optimal protein and peptide immunoreac tivities, a new fixative, buffered periodate-paraformal dehyde-picric acid-formaldehyde-lysine (PPPFL), was formulated and tested. PPPFL fixative is more reliable for simultaneously preserving ChAT and VIP immunoreac tivities than were periodate-Iysine-paraformaldehyde (PLP) fixative, Zamboni's fixative, or 2% paraformalde hyde solution alone. Using PPPFL as fixative, both ChAT immunoreactive (ChAT-I) and VIP-immuno reactive (VIP-I) fibers in cerebral arteries appeared as
Ample evidence has indicated that cerebral blood vessels from several species receive dense cholin ergic and vasoactive intestinal polypeptide (VIP) ergic innervations (Edvinsson et aI., 1972; Larsson et aI., 1976; Lee et aI., 1984; Saito et aI., 1985) . Release of acetylcholine (ACh)-and VIP-like sub stances from the respective cholinergic and VIPer-bundle and fine fibers. Most ChAT-I and VIP-I fibers were separate. Portions of ChAT-I and VIP-I fibers often ran closely in parallel or across each other. Overlaying of VIP-I on ChAT-I fibers and relay connections between them were also observed. These morphological data sug gest the potential functional interactions between cholin ergic and VIPergic innervations. In <5% of the fibers examined did ChAT and VIP immunoreactivities appear to be co-localized. These data therefore do not support the hypothesis that acetylcholine and VIP are co localized in most fibers innervating the cerebral arterial wall. Key Words: Avidin-biotinylated horseradish perox idase complex-Buffered periodate-paraformaldehyde picric acid-formaldehyde-lysine fixative-Cerebral arter ies-Choline acetyltransferase-Co-Iocalization Double-labeling immunohistochemistry-Vasoactive intestinal polypeptide. gic nerves upon electrical nerve stimulation in ce rebral arteries has been demonstrated (Duckles, 1981; Bevan et aI., 1984) . VIP has been suggested to be a potential transmitter for cerebral vasodilation (Larsson et aI., 1976; Lee et aI., 1984) . On the other hand, the role of ACh as the vasodilator transmitter has been questioned (Lee, 1980) , although cholin ergic pathways seem to mediate cerebral vasodila tion (Chorobski and Penfield, 1932; Seylaz et aI., 1988; Hara et aI., 1989) . One possibility is that a substance is released together with ACh from cholinergic nerves to induce vasodilation (Lee, 1985) .
Chronic denervation of sphenopalatine ganglia resulted in disappearance of some VIPergic and acetylcholinesterase (AChE)-containing fibers (Hara et aI., 1985) . Using an elution-restaining his tological-immunohistological technique, Itakura et ai. (1984) demonstrated that AChE-containing fi bers appeared to superimpose on VIPergic fibers and suggested that ACh and VIP may be co-localized in the same nerve fibers in cerebral arter ies. This conclusion, however, is inconsistent with our previous findings that the innervation pattern of VIP-immunoreactive (VIP-I) fibers and that of choline acetyltransferase (ChAT)-1 fibers were dif ferent (Saito et aI., 1985) . In the present study, a sequential double-labeling immunohistochemical technique (Olucha and Martinez-Garcia, 1985; Levey et aI., 1986; Chen et aI., 1989; Miao and Lee, 1989 ) was used to simultaneously examine the VIP I and the ChAT-I fibers in cerebral arteries to clar ify if VIP is co-localized in cholinergic nerves.
Furthermore, periodate-Iysine-paraformaldehyde (PLP) fixative and Zamboni's fixative have been considered to be optimal fixatives for demonstrat ing immunoreactivities of ChAT (protein) and VIP (peptide), respectively (Saito et al., 1985) . Our pre liminary studies, however, demonstrated that PLP or Zamboni's fixative alone did not simultaneously preserve optimal immunoreactivities of VIP and ChAT. A new fixative, buffered periodate paraformaldehyde-picric acid-formaldehyde-lysine (PPPFL), for concurrent fixation of VIP and ChAT with optimal preservation of both immunoreactivi ties, was therefore formulated.
MATERIALS AND METHODS
Eighteen adult cats (2.6-3.8 kg), 8 adult dogs (43-60 kg), and 6 adult pigs (62-80 kg) of either sex were used. The cats and dogs were anesthetized with sodium pento barbital (Nembutal; 40 mg/kg i.p.) and exsanguinated. Fresh pig heads were collected from a local slaughter house. The brain with pial arteries attached was removed and placed in ice-chilled 0.01 M phosphate-buffered sa line (PBS) (pH 7.4). The cerebral arteries (internal ca rotid, middle cerebral, and basilar arteries) were dis sected and cleaned under a dissecting microscope. The internal carotid arteries used in the present study were the cranial part, i.e., the anterior portion of the circle of Willis. These arteries were fixed by immersion fixation in PPPFL solution at 4°C for 24 h. Some arteries were fixed in PLP (4 h), Zamboni's fixative (24 h), or 2% parafor maldehyde (24 h). The tissues were dehydrated, cleared with xylene, rehydrated, then stored in 0.3% TritonX PBS solution at 4°C for 4 days (Itakura et aI., 1984) and 0.5% hydrogen peroxide for 30 min at room temperature. Following wash with PBS, the tissues were placed in 1% normal goat serum for another 30 min at room tempera ture and processed for double-labeling immunohisto chemistry.
PPPFL solution
Solution A. L-Lysine monohydrochloride (L-2,6diaminocaproic acid) was dissolved in deionized water to make a 3.654% solution. The pH was adjusted to 7.4 by adding 0.1 M dibasic sodium phosphate. Lysine solution was diluted with an equal volume of 0.1 M phosphate buffer (pH 7.4) and then was mixed with 8% paraformal dehyde in the volume ratio of 3: 1.
Solution B. Picric acid (2,4,6-trinitrophenol) was dis-solved in deionized water to make a 1.4% solution. The picric acid solution was mixed with 2% paraformaldehyde in the volume ratio of 3:2. The new solution was mixed with 0.1 M phosphate buffer in the volume ratio of 3:1 immediately before use. Solution A and Solution B were mixed in the volume ratio of 3: 1. Sodium m-periodate (16.05 mg/10 ml) was then added to the final solution.
The osmolarity of the PPPFL solution was 765 mOsmol and the pH was 6.8.
Sequential double-labeling immunohistochemistry
Following fixation, the tissues were incubated with the first sequence of primary antibody (from rabbit) against ChAT at a dilution of 1 :200 with 1 % normal goat serum in 0.02% saponin for 48-72 h at 4°C. After wash with PBS, the tissues were further pre incubated with biotinylated affinity-purified goat anti-rabbit Ig G (1 :200 dilution; as the secondary antibody) in 1 % normal goat serum for 3 h, washed with PBS, and incubated with avidin DH biotinylated horseradish peroxidase H complex of 1 :400 dilution in 1 % normal goat serum (Hsu et aI., 1981) . Mter this, the tissues were washed with 0.05 M Tris-HCI buffer (pH 7.5) and then placed in 0.02% 3,3'-diaminobenzidine (DAB) (which was dissolved in Tris-HCI with 0.03% hy drogen peroxide added). DAB was used as chromogen for ChAT-I fibers and its peroxidation reaction product ap peared as diffuse brown color (Levey et aI., 1986) . The peroxidation reaction was monitored closely under light microscope. After brownish fibers were visualized, the tissues were transferred to Tris-HCI solution, washed, and stored in PBS at 4°C overnight.
Without elution of the DAB staining, the tissues were further incubated with the second sequence of primary antibody against VIP (from rabbit, at 1:200 dilution) with 1 % normal goat serum in 0.02% saponin as described in the procedures for anti-ChAT antibody incubation. The same procedure of incubation with biotinylated affinity purified goat anti-rabbit Ig G and then avidin-biotinylated horseradish peroxidase complex was performed as de scribed above. After wash with 0.1 M phosphate buffer (pH 6.0) instead of Tris-HCI, the tissues were incubated with freshly prepared tetramethylbenzidine-ammonium heptamolybdate (TMB-AHM) solution, which was pre pared by mixing 0.2% TMB in absolute alcohol with 25% AHM in the volume ratio of 1 :39 for 20 min (Olucha and Martinez-Garcia, 1985) . The tissues were then transferred to fresh TMB-AHM solution with 0.003% hydrogen per oxide added every 5 min until blue-green-colored fibers were visualized under a light microscope. TMB was used as chromogen for VIP-I fibers and its peroxidation reac tion product appeared as granular blue-green color (Olucha and Martinez-Garcia, 1985) . The reaction was stopped by transferring the tissues to 0.1 M phosphate buffer (pH 6.0). Specimens were then cut open and mounted on gelatin-coated glass slides. After the tissues were air-dried at room temperature, they were dehy drated in graded alcohol, rec1eared in xylene, and mounted with Permount. The specimens were observed under a Zeiss universal microscope.
Control study for specificity of ChAT and VIP antisera Some arteries incubated with nonimmunized goat se rum and/or VIP antiserum preabsorbed with excess VIP (10--100 JLg/ml peptide/ml diluted antiserum) served as con-troIs. Some tissues were stored in 4°C for 7 days to achieve cold storage denervation (Lee et al., 1976) prior to fixation. These denervated tissues also served as con trols.
Quantitative analysis of nerve density
Immunoreactive fibers were quantified as previously described (Svendgaard et al., 1977; Lagnado et al., 1987; Uemura et al., 1987) . The density of fibers in the whole mounted artery was estimated by an averaged number of fibers in a unit area of 0.04 mm2. These areas were ran domly sampled and analyzed. Means of the density were compared by unpaired Student t test. The 0.05 level of probability was accepted as significant.
Materials and sources
Rabbit polydonal antibody against ChAT, which was obtained from Dr. Jang-Yen Wu, has been tested and used previously to demonstrate ChAT -I fibers in several preparations (Wu et al., 1979; Saito et al., 1985; Lee et al., 1988; Miao and Lee, 1989) . Other drugs and antisera were as follows: rabbit VIP antiserum (Immunonudear Corp. Stillwater, MN, U.S.A.); human, porcine, and rat VIP (Penisula Lab., Belmont, CA, U.S.A.); biotinylated affinity-purified goat anti-rabbit IgG, avidin DR biotinylated horseradish peroxidase R, and normal goat serum (Vector, Burlingame, CA, U.S.A.); DAB (Isolab, Akron, OR, U.S.A.); hydrogen peroxide, TMB, ARM, Tris (hydroxy methyl) aminomethane (trizma base), sapo nin, L-Iysine monohydrochloride, sodium m-periodate, and Triton X-l00 (Sigma, St. Louis, MO, U.S.A.); picric acid and Permount (Fisher Scientific, Fair Lawn, NY, U.S.A.); paraformaldehyde (Electron Microscopy Sci., Fort Washington, PA, U.S.A.).
RESULTS
The cholinergic and VIPergic fibers in cerebral arteries were distinguished by different colored re action products of the individual chromogens used. Peroxidation of DAB resulted in diffuse brown color, while TMB gave a granular blue-green color.
Effect of different fixatives on preservation of immunoreactivities
The effects of PLP fixative, Zamboni's fixative, 2% paraformaldehyde solution, and the PPPFL so lution on preserving ChAT and VIP immunoreac tivities in double-labeling preparations were com pared (Table O . Strong ChAT-I but weak VIP-I fi bers and strong VIP-I but weak ChAT-I fibers were observed in preparations fixed with PLP fixative and Zamboni's fixative, respectively (not shown). In the specimens fixed with 2% paraformaldehyde solution, both ChAT-I and VIP-I fibers were dem onstrated (not shown), but immunoreactivities of these two fibers were not as strong as those fixed with the PPPFL solution (Fig. 1) .
ChAT-I and VIP-I fibers
ChAT-I and VIP-I fibers were found to be sepa rate fibers. Their distribution patterns, however, were closely related. They might run across each other or run in parallel at very close distance (Fig.  IA) . Both VIP-I and ChAT-I fibers were composed of bundle fibers as well as mesh-like fine fibers (Fig.  lD) . The mesh-like fine fibers either existed in the same layer with bundle fibers or were closer to the smooth muscle cells than were the bundle fibers. VIP-I fine fibers frequently merged with or branched out of a ChAT-I bundle fiber (Fig. lB) . VIP-I fine fibers were frequently seen to overlie a ChAT-I bundle (Fig. ID) . Occasionally, relay con nections (i.e., interneuronal connections) between ChAT-I and VIP-I fibers were found ( Fig. IE and  F) . In very few fibers counted «5%) did ChAT and VIP immunoreactivities appear to be co-localized in same nerve fibers ( Fig. IC; Table 2 ).
Control studies
In tissues incubated with nonimmunized goat se rum and VIP antiserum preincubated with excess VIP or those after 7-day cold storage denervation, no DAB or TMB reaction products were observed (not shown).
DISCUSSION
The PPPFL fixative has the advantage over other currently available fixatives in that it optimally pre serves both ChAT and VIP immunoreactivities. This fixative is composed of chemicals that cross link molecules not related to antigens, such as car bohydrate moieties by m-periodate and subse quently by lysine (McLean and Nakane, 1974) . Low concentrations of paraformaldehyde and formalde hyde (converted from paraformaldehyde in the presence of picric acid) (Stepanini et aI., 1967) cross-linked other molecules with relatively good preservation of immunoreactivities (Sternberger, 1979) . Although PLP and Zamboni's fixatives have each been successfully employed for optimal pres ervation of the respective protein (ChAT) and pep tide (VIP) immunoreactivities (Saito et aI., 1985) , neither is satisfactory for simultaneous preservation of both (Table O. Mixtures of PLP and Zamboni's fixatives at the ratios used in the present study, however, provided optimal preservation of ChAT (protein) and VIP (peptide) immunoreactivities and were superior to fixation with 2% paraformalde hyde. With the PPPFL fixative, it became possible to simultaneously examine the ChAT and VIP im munoreactivities, using the sequential double labeling technique. The different fibers were distin guished by different-colored reaction products from the chromogens used for labeling each antigen. The reaction product of DAB was precipitated as rela tively diffuse brown color (Levey et aI., 1986 ) and that of TMB was an intense blue-green granular pre cipitation (Olucha and Martinez-Garcia, 1985) .
The histochemical evidence for the presence of cholinergic nerve in cerebral blood vessels was based on the presence of positive AChE staining (Lavrentieva et aI., 1968; Edvinsson et al., 1972) . AChE, however, is not a specific marker for cholin ergic nerves (Rossier, 1977) . It has been found to be associated with substance P-and enkephalin containing nerve fibers (Erichsen et aI., 1982) . Nev ertheless, the presence of cholinergic nerves in ce rebral arteries was confirmed by the demonstration of ChAT -I fibers at light and ultrastructural levels (Saito et aI., 1985; Lee et aI., 1988) . In these studies in which a single-labeling immunohistochemical technique was used, ChAT-I fibers appeared mostly as large bundle fibers with few fine fiber branches, and VIP-I fibers appeared mostly as fine mesh-like fibers with few bundle fibers. In view of the differ ent distribution pattern of ChAT-I and VIP-I fibers (bundle versus fine fibers), ACh and VIP do not seem to be co-localized in most fibers (Saito et aI., 1985) as suggested by Itakura et al. (1984) and Hara et ai. (1985) . It should be pointed out that the elu tion-restaining method used by Itakura et ai. and Hara et ai. may not provide adequate resolution to distinguish whether two fibers are the same fiber or run closely together. In the present study, most ChAT -I and VIP-I fibers in cerebral arteries were clearly separate fibers. Portions of these ChAT-I and VIP-I fibers, however, ran close to each other. Frequently, VIP-I fibers were found to overlie ChAT-I fibers (Fig. ID) . This underscores that mis interpretation of co-localization of two antigens can be easily reached using the elution-restaining method.
Interneuronal connections between ChAT-I bun dle and VIP-I fine fibers (Fig. IE) (Miao and Lee, 1989) in cerebral arteries were occasionally ob served. This is consistent with our previous sugges tion that some ChAT-I bundle fibers are probably preganglionic and VIP-I fine fibers are probably postganglionic fibers (Lee, 1980; Lee et aI., 1988) .
In summary, results from the present study indi cate that PPPFL solution is a useful fixative for simultaneous preservation of ChAT and VIP immu noreactivities. Sequential double-labeling immuno histochemistry revealed, for the first time, that most ChAT-I and VIP-I fibers are distinctly sepa rate fibers in cerebral arteries. The close relation ship between some ChAT-I and VIP-I fibers, how ever, suggests an intimate functional relationship between these two innervations. Only very few ChAT-I and VIP-I «5%) appeared to be co localized. The significance of this finding remains to be verified. 
